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The apparatus used was that described in the previous paper, with the addition of a narrow-bore recording manometer filled with mercury. The general arrangement is illustrated in figure 1 . With the stopcock open and [ 186 ] the contents of the bladder therefore in communication with the contents of the reservoir, the manometer records the fixed hydrostatic pressure imposed upon the bladder by the level of the fluid in the reservoir. Closing the stopcock disconnects the reservoir from the bladder, and the mano meter then records any fluctuations in pressure in the bladder. With such an arrangement it is possible to make a practically instantaneous change from the isotonic to the isometric state, or vice versa, without disturbing the preparation. Cats under chloralose or urethane anaesthesia were used for most of the experiments. A series of experiments was also performed upon decerebrate cats.
R e su l t s
I. The isometric contraction (а) General features.
The following observations were made on preparations which had shown a well-developed regular isotonic rhythm for at least j hr. before being made isometric. This was taken as evidence th at the effect of the volatile anaesthetic, used for purposes of induction, had passed off.
If the bladder is made isometric at the moment when an upstroke of the isotonic rhythm is about to be inscribed, i.e. when the volume of the bladder is about to diminish slightly, the immediate response is a contraction producing a rise of hydrostatic pressure of striking proportions (figure 2). The response follows without any detectable latent period. The pressure rises rapidly to somewhere between 50 and 100 mm. Hg and may be maintained at th at level with relatively small irregular fluctuations for a period of 30 sec. to 1 min., after which it usually declines rapidly to approximately zero, irrespective of the initial hydrostatic pressure during the execution of the isotonic rhythm.
The precise pressure reached during the isometric contraction varies considerably in different preparations, but after repeated elicitations at the beginning of an experiment, tends to reach a steady high level. The highest value recorded has been 160 mm. Hg.
After the isometric contraction, the hydrostatic pressure may remain indefinitely at zero, or a series of similar spontaneous contractions may continue at intervals of about 1 min. (figure 3).
(б) Relation to the isotonic rhythm.
If the bladder is made isometric at the moment when a downstroke of the isotonic rhythm is about to be inscribed, i.e. when the volume of the F ig u r e 2. (a) U p p e r reco rd , isotonic r h y th m ; low er reco rd , isom etric co n tra ctio n a n d isom etric re la x a tio n . (b) S p o n tan e o u s iso m etric c o n tra c tio n in q u iescen t b lad d er. T w itch-like co n tra c tio n s su p erim p o sed on p ressu re reco rd d ue to b rie f co n tra ctio n s o f a b d o m in al a n d o th e r m uscles. T im e in 30 sec.
F ig u r e 3 Slow isom etric rh y th m . P ressu re falls to zero betw een each co n tra ctio n . T im e in 30 sec.
bladder is about to increase slightly, the pressure in the bladder falls at once to zero, without executing an isometric contraction (figure 2). It is possible to elicit the isometric contraction at points in the isotonic rhythm other than that at which an upstroke is about to be inscribed. Figure 4 shows the result of a typical experiment in which the bladder was suddenly made isometric at different points of the isotonic rhythm.
F ig u r e 4. R e latio n betw een isotonic rh y th m a n d isom etric co n tra ctio n . U p p er record, isom etric; low er, isotonic. Iso m etric c o n tra c tio n follows w hen stopcock closed a t A, E, F an d H; re la x a tio n w hen stopcock closed a t B, C, D a n d G. T im e in 10 sec.
If the change from the isotonic to the isometric state is made at any moment corresponding to the last third of the downstroke or the first twothirds of the upstroke of the isotonic rhythm, then under ordinary cir cumstances the isometric contraction is immediately evoked. Transfer from isotonic to isometric conditions during the inscription of the last third of the upstroke or the first two-thirds of the downstroke invariably leads to isometric relaxation to zero pressure, which may or may not be interrupted after a variable interval by an isometric contraction or the beginning of an isometric rhythm (figure 5).
F ig u r e 5. D iag ra m o f re la tio n o f iso m etric co n tra c tio n to isotonic r h y th m . C o n tra c tio n follows closure o f sto p co ck a t a n y p o in t d u rin g co n tin u o u s p a r t o f r h y th m ; re la x a tio n if sto p c o ck closed d u rin g b ro k e n p a r t.
(c) Spread of excitation to the voluntary muscles.
In the decerebrate cat, or in the cat so lightly chloralosed th at limb reflexes are brisk, the production of the isometric contraction in the usual way is accompanied by a brief series of jactitations which are recorded as twitches at the height of the contraction (figure 2). These movements are due to contractions of the muscles of the diaphragm, the abdominal wall, the shoulder girdle and the pelvic girdle. Together they effect a transitory augmentation of the hydrostatic pressure in the bladder. They are only seen when the isometric contraction has reached its maximum, and often not until it is beginning to decline. Barclay and Franklin (1937) observed a similar viscerosomatic reflex on manual compression of the bladder, but they did not show, though they assumed, th at the contraction of diaphragm and abdominal wall in turn increases the intravesical pressure.
II. The influence of anaesthetic agents; variations rhythm
The pressure reached during the isometric contraction depends to some extent on the depth of anaesthesia. A well-established contraction in the chloralosed cat may be temporarily abolished by the administration of ether, reappearing as the effect of the ether wears off.
The post-contraction quiescent state is more regularly seen under ure thane, whereas with chloralose an isometric rhythm is more usual. When the post-contraction quiescent state appears under chloralose, it is not so persistent as with urethane, generally lasting for not more than 20 min., and then giving place to the isometric rhythm.
Occasionally, under chloralose, a different type of rhythm is seen. In this case the instantaneous change to isometric conditions evokes a series of short contractions occurring at a frequency as great as th at of the isotonic rhythm, reaching a pressure of not more than 20 mm. Hg. This type of rhythm either persists indefinitely, or ceases in 1-2 min., whereupon the hydrostatic pressure falls immediately to zero, and the bladder assumes the quiescent state seen after the large slow contraction. Such a rapid rhythm of low pressure is generally observed in cats in which the calculated dose of chloralose has produced deeper level of anaesthesia than is normally the case. Sometimes the two types of rhythm are combined, large slow contractions interrupting at intervals a continuous series of smaller, more rapid contractions (figure 6).
F ig u r e 6. C om bined slow a n d ra p id isom etric rh y th m . T im e in 30 sec.
III.
The influence of the nervous system A. The hypogastric nerves.
{a) Section. The isometric contraction is unaffected by section of both hypogastric nerves, nor does section of these nerves appear to modify the activity of the quiescent or spontaneously contracting bladder under iso-
metric conditions. This is unexpected, since section of the hypogastric nerves generally augments the amplitude and diminishes the frequency of the isotonic rhythm.
J. Mellanby and C. L. G. P ra tt F ig u r e 7. S tim u la tio n o f h y p o g astric nerves. U p p er record, isotonic rh y th m ; low er, isom etric co n tra ctio n . A t 1 a n d 3, stim u la tio n com m ences a t th e m o m e n t o f m ak in g iso m etric ; a t 2 a n d 4, n o rm al isom etric c o n tra c tio n ; a t 5, c o n tra c tio n is p ro d u ced b y m a k in g isom etric d u rin g th e course of h y p o g astric stim u la tio n u n d er isotonic conditions. T im e in 30 sec.
(b) Stimulation. In the quiescent bladder, stimulation of the hypogastric nerves produces a rise of pressure similar to that of the spontaneous isometric contraction, but of smaller degree. There is no appreciable latent period.
It is generally agreed (Gruber 1933 ) that the hypogastric nerves carry motor impulses to the bladder in animals. McRea and Macdonald (1936) have shown the same to be true in man. In the present experiments it was observed that the contraction produced by hypogastric nerve stimulation was always inferior to that produced by stimulation of the nervi erigentes, in spite of the fact that the hypogastric nerves supply approximately the same number of fibres to the vesical plexus as do the nervi erigentes (Moseley 1936) .
It is possible to demonstrate the inhibitory influence of activity of the hypogastric nerves on the isometric bladder in two ways. Firstly, if stimulation begins simultaneously with the elicitation of an isometric contraction, then the height and sometimes duration of that contraction are less than normal (figure 7).
F ig u b e 8. S tim u la tio n of h y p o g astric nerves, 1, n o rm al isom etric c o n tra c tio n ; 2, 3, 4, re p e a te d h y p o g astric s tim u la tio n ; 5, longer h y p o g astric stim u la tio n in h ib its th e r h y th m ; 6, 7, re p e a te d h y p o g astric stim u la tio n . T im e in 30 sec.
Similarly, if stimulation of the hypogastric nerves is begun whilst the bladder is still isotonic, and the isometric contraction is elicited during the period of stimulation, the contraction is also sub-normal. Secondly, an isometric contraction produced as a result of stimulation of the hypogastric nerves is followed by a period of diminished excitability of the bladder. This is best seen during a spontaneous isometric rhythm. Stimulation of the hypogastric nerves promptly interpolates a sub-normal contraction, which is followed by a period of quiescence for as long as the stimulation is continued (figure 8). Furthermore, a repetition of the stimulation within 2 min. of the cessation of the first, produces a much smaller contraction.
B.
The nervi erigentes.
(а) Section. Section of the nervi erigentes abolishes the isometric con traction or rhythm, just as it deranges the isotonic rhythm. It has been impossible to demonstrate any return of activity during periods up to 6 hr. after section of the nerves, eyen though there has been a moderate degree of recovery of the isotonic rhythm. I t is therefore possible th at the iso metric contraction produced by instantaneously changing the state of the bladder from isotonic to isometric is reflex in nature. Experiments are being performed to decide whether this is so, and the results will be reported in another communication.
(б) Stimulation. Stimulation of the nervi erigentes either singly or together produces a great rise in pressure which is sustained for as long as the stimulation continues. The post-contraction excitability is not depressed as after stimulation of the hypogastric nerves. Experiments were under taken to determine whether it is possible to diminish the pressure reached during stimulation of the nervi erigentes by simultaneous stimulation of the hypogastrics, but this appears not to be so.
IV. The action of adrenaline
The response of the isometric bladder to adrenaline depends upon the state of activity of the bladder at the time of injection.
(a) Action on the quiescent bladder.
In the quiescent bladder, the intravenous injection of adrenaline is followed after an interval of 20-50 sec., if the dose is not too great, by a rise of pressure similar in height and duration to the isometric contraction. A contraction of this nature is readily obtained with doses between 0-01 and 0-1 mg. With doses of 1 mg. contraction is sometimes seen, but the commonest response is a period of quiescence which may be prolonged for several minutes.
(b) Action on the rhythmic bladder.
Moderate doses of adrenaline influence the isometric rhythm in a cha racteristic way. A contraction in process of inscription may be fore shortened in height and time, or the normal interval between one con traction and the next may be prolonged. In either case the next following contraction is of greater amplitude than the normal. This effect is especially well seen during the performance of an isometric rhythm of high frequency but low amplitude. In this case the contraction which follows the injection of adrenaline is prolonged and of high pressure (figure 9).
Whatever the state of activity of the bladder, an isometric contraction induced by adrenaline is always preceded by a very long latent period. The actual length of this interval appears to depend to some extent on the dose of adrenaline employed.
(a) (b)
F ig u r e 9. (a) A drenaline 0-1 m g. on ra p id r h y th m ; stro n g co n tra c tio n a fte r la te n t period, (b) A drenaline 0-1 m g. on slow rh y th m ; a u g m e n ta tio n o f n e x t co n tra c tio n a fte r la te n t period. T im e in 30 sec.
V. The action of acetylcholine
In the quiescent bladder, acetylcholine in doses of 0*01-1 mg. produces a contraction with no appreciable latent period (figure 10).
The injection of acetylcholine during the execution of the isometric rhythm augments the height of the contraction next following the injection. The interval between this augmented contraction and the subsequent contraction may be prolonged by sec. This effect is best seen when acetylcholine is given while the rhythm is small and rapid. In that ease the augmentation is very great in proportion to the amplitude of the fundamental rhythm, and the subsequent period of quiescence is maximal. Eserine potentiates the action of acetylcholine.
VI. The action of atropine and ergotoxine
Atropine rapidly abolishes the isometric rhythm ( figure 11 ). This is in accord with the effect of atropine on the isotonic bladder where it diminishes the amplitude of the rhythm and causes dilatation.
J. Mellanby and C. L. G. P ra tt Atropine prevents the contraction produced by acetylcholine or by adrenaline. Administered subcutaneously in amounts insufficient to abolish the isotonic rhythm, it prevents the production of the characteristic con traction normally resulting when the bladder is made isometric (figure 12).
Ergotoxine in small doses does not inhibit the contraction, or the augmentation of contraction, produced by adrenaline, but in large doses it produces the condition of fixity described in the previous paper. In this condition it is impossible to elicit the isometric contraction or to demon strate the effects of adrenaline or acetylcholine.
D is c u s s io n
The activity of the isometric bladder differs in several respects from that of the isotonic bladder in the chloralosed cat. Without the stimulus of an artificially imposed constant hydrostatic pressure, the bladder tends to adopt a condition of quiescence at zero pressure, relieved at relatively infrequent intervals by bursts of activity resulting in the characteristic temporary rise of pressure which has been described. In the isotonic bladder, on the other hand, contraction and relaxation alternate without intervening periods of inactivity. In the isotonic preparation the constant fluctuations of volume are relatively small, but the intermittent variations of pressure of the isometric bladder are very large, rising to far beyond the hydrostatic pressure which would result in micturition were the urethra not tied. Moreover, the execution of an isotonic contraction occupies about 10 sec., whereas an isometric contraction is typically sustained for more than 60 sec. Lastly, a regular isotonic rhythm is established some time before any activity under isometric conditions can be detected. The mechanism involved in the isometric contraction is evidently more suscep tible to the influence of the ether used for induction of anaesthesia than is th at responsible for the isotonic rhythm. This is borne out by the fact that the isometric activity is abolished more readily than is the isotonic rhythm by readministering ether when both have become well established. The isometric activity is even less resistant than the isotonic rhythm to the action of atropine.
The isometric contraction, with its characters of great rise of pressure, maintained contraction, and subsequent relaxation to zero pressure, evoked by making the isotonic bladder isometric at a suitable moment, has not previously been described. Since it is abolished by dividing the nervi erigentes, though not affected by section of the hypogastrics, it is probably reflex in origin and appears to be related to the micturition reflex. It has long been known th at the elicitation of the micturition reflex is related to the hydrostatic pressure of the bladder and not to its volume. Mosso and Pellacani (1882) observed th at in a trained unanaesthetized dog, the attem pt to micturate always occurred at about 20 cm. H20, whatever the volume of the bladder, when warm water at gradually in creasing pressures was run into the bladder. Guyon (1900), also in the dog under curare, showed th at a bladder volume could be found at which the addition of a small additional volume, not of itself raising the intravesical pressure more than 10 cm. H20, provoked a sudden rise of hydrostatic pressure to about 90 cm. H20 . Barrington (1914) described a similar phenomenon, which he considered to be artificially produced micturition, in the decerebrate cat. On the other hand Elliott (1907) , in the cat under A.C.E., was able to produce the Mosso effect by simple increase of volume. In one experiment, increasing the volume from 10 ml. to 50 ml. raised the pressure only from 0-5 cm. to 4 cm. At the latter pressure there was an oscillatory rise to 60 cm., which was the top of the manometer, and at th at pressure the bladder discharged 40 ml. None of these investigators observed a rise of pressure comparable with th at seen during the isometric con traction, nor were any of them able to evoke the micturition reflex under strictly isometric conditions, th at is, without introducing additional fluid into the bladder.
The isometric contraction may depend upon the presence of stretch receptors in the wall of the bladder. Stella (1934) demonstrated the existence of such receptors in the frog and Evans (1936) extended the observation to the eat. According to Evans, a sudden reduction of hydro static pressure in the bladder momentarily abolishes the otherwise con tinuous electrical activity in the nervi erigentes. There is therefore a close relation between variations in intravesical pressure and the presence of afferent impulses in the nervi erigentes. The anatomical basis for this was established by Langley and Anderson (1894) who found th at about onethird of the fibres of the nervi erigentes are afferent. Talaat (1937) examined the action potentials in the nervi erigentes and the hypogastric nerves under chloralose and other anaesthetics. He found th at the bladder wall contains two groups of afferent nerve endings. The first group are stimu lated by contraction of the muscle of the bladder, and these nerve endings adapt rapidly; the second group respond to changes of intravesical pressure and adapt more slowly. The nerve endings of the second group vary con siderably in their threshold of excitation, some beginning to respond at a pressure of 8 cm. H20 whilst others do not respond until a pressure of 25 cm. H 20 is reached. The production of the isometric contraction cannot be related with certainty to the activity of these various types of afferent nerve ending, especially since an analysis of their function is available only for the dog. Evans (1936), quoted above, did not examine in detail the afferent impulses from the bladder of the cat. Nevertheless, the production of an isometric contraction by making the bladder isometric at the moment when an isotonic contraction has begun, or is imminent, indicates th at the bladder wall of the cat possesses, like th at of the dog, afferent nerve endings, which are stimulated by contraction of the muscle of the bladder. Further, it is possible that the gradual attainm ent of maximum pressure by a series of increments separated by slight pauses may be correlated with nerve endings of the second type which are excited serially in groups as the rising intravesical pressure reaches their several thresholds of excitation. How ever, there remains the difficulty of explaining, in such terms of reflex action, the spontaneous appearance of an isometric contraction or rhythm in the quiescent bladder at zero pressure. Under such conditions there is no change of state artificially imposed upon the bladder muscle to account for the beginning of the process, which must therefore be attributed to the spontaneous activity of either the muscle or the nervous system. It is significant that a spontaneous isometric contraction or rhythm is less often obtained under urethane than under chloralose. In the doses used, the former drug depresses the reflex activity of the whole preparation con siderably more than does chloralose.
The viscerosomatic reflex obtained in the decerebrate animal or under light chloralose anaesthesia has an obvious usefulness to the organism.
The contraction of diaphragm, abdominal muscles and limb muscles momentarily raises still farther the already high intravesical pressure and so provides the maximum possible force in the attem pt to overcome the obstruction to the urethral passage. The reflex is not called into play until the intrinsic muscle of the bladder has proved unable to force the sphincter.
The action of adrenaline on the isometric bladder calls for comment. It is much easier to demonstrate contraction than relaxation as the result of the intravenous injection of this drug, but however small the dose, provided it is effective, contraction is preceded by a long latent period. This is in strong contrast to the action of acetylcholine, which produces a prompt contraction, and to the action of adrenaline on the isotonic bladder, where the effect can be reversed by appropriate variation of dosage. I t appears th at the isometric contraction produced by adrenaline is not the immediate result of the action of the drug directly on the muscle fibres or on adrenergic nerve endings, but th at some process is set in motion which leads, at the end of the latent period, to a co-ordinated contraction indistinguishable from the post-isotonic isometric contraction. W hat events occur in the neuromuscular mechanism of the bladder during this latent period is unknown.
Summary
Instantaneous change from constant pressure to constant volume con ditions produces either an isometric contraction or a state of quiescence at zero pressure, according to the phase of the isotonic rhythm at which the change is made. The isometric contraction may be followed by a state of quiescence at zero pressure for an indefinite period, or by a rhythmic series of similar contractions. The bladder nearly always relaxes to zero pressure in the intervals between isometric contractions. The isometric contraction differs from an isotonic rhythmic contraction in several particulars, which are described. The hydrostatic pressure reached during an isometric contraction may be more than 100 mm. Hg. The isometric contraction is probably reflex in nature.
Under light chloralose anaesthesia, and in the decerebrate cat, the height of the isometric contraction may be accompanied by twitches of the dia phragm, abdominal muscles and limb muscles. Division of the hypogastric nerves does not modify the isometric contraction. Stimulation of the peri pheral end of the cut hypogastric nerves causes a submaximal isometric contraction, followed by a period of diminished excitability. Division of the nervi erigentes abolishes the isometric contraction. Stimulation of the peripheral ends of the cut nervi erigentes causes a maximal isometric contraction.
Adrenaline produces contraction, after a long latent period, similar to the isometric contraction. Acetylcholine produces a prompt contraction similar to the isometric contraction. Atropine abolishes the isometric contraction more readily than it destroys the isotonic rhythm. R e f e r e n c e s B arclay , A. E . a n d F ra n k lin , K . J . 1937 J . P h y sio l. 90, 478. B a rrin g to n , F . J . F . 1914 Quart. J . E x p . P hysiol. 8, 33. E llio tt, T. R . 1907 J . P hysiol. 35, 367. E v an s, J . P . 1936 J . P hysiol. 86, 396. G ruber, C. M. 1933 P hysiol. Rev. 13, 497. G uyon, J . F . 1900 Reactions of the urinary bladder of the cat 201 C alcium a n d blood co ag u latio n B y the late J. M e l l a n b y , F.R.S., a n d C. L. G. P ra tt From the University Laboratory of Physiology, Oxford (Received 28 August 1939) I n t r o d u c t io n Green (1887) was the first to show th at " calcium sulphate is instrumental in bringing about coagulation when added to a plasma which shows little or no tendency to clot, and th at coagulation in its absence is almost or quite prevented". In 1890 Arthus and Pages extended these observations and prepared non-coagulable mammalian blood by the addition to it of 0*1 % potassium oxalate, or of 0*1 5 % sodium fluoride.
The part played by calcium in the coagulation of the blood has been the subject of many hypotheses. Pekelharing (1896) assumed that thrombase is a calcium compound of nucleoprotein (prothrombase*) and that the action of thrombase* consists in transferring calcium to fibrinogen and
